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ABSTRACT  
Bismuth thin films constitute a promising nanostructure for the fabrication of spin-based devices. 
To achieve this goal, it is necessary to obtain high-quality Bi layers with controlled and 
reproducible properties. Therefore, studies focused on the understanding of the nucleation process 
and the correlation between the growth conditions and the film properties are of great interest. In 
this work, we have studied the electrodeposition of Bi thin films onto GaAs(111)B substrates at 
different overpotentials. In Part I, we have analyzed the nucleation of the films by means of 
potentiostatic curves. The current density transients have been deconvoluted into individual 
processes taking into account the energy band diagram of the semiconductor-electrolyte interface. 
The deconvolution of the current density transients indicates that Bi electrodeposition follows a 3D 
nucleation controlled by diffusion, accompanied by concurrent processes such as both proton 
adsorption and reduction. The competition of these processes is controlled by the energy 
distribution of the surface states at the semiconductor-electrolyte interface and determines the 
nucleation process. The correlation between the properties of the Bi films and the Bi/GaAs interface 
with the nucleation process, i.e., with overpotential, is discussed in detail in Part II of this work.  
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Introduction 
Bismuth (Bi) is a semimetal with interesting electronic properties arising from a carrier 
mean free path1,2 and a Fermi wavelength3,4 larger than those obtained in other materials. These two 
characteristics make Bi a suitable scenario for the study of classical and quantum size effects (SE 
and QSE) on the electronic properties5-9. In addition, Bi surface states are strongly spin-polarized 
via the Rashba effect10, which could cause Bi to have a strong impact in spintronics.11 Although 
there are some studies about these effects on Bi nanowires,12, 13 thin films represent a better 
configuration to study the implementation of these effects in Bi-based devices. In fact, very recently 
a large spin to charge conversion induced by spin-orbit coupling in a Bi/Ag Rashba interface has 
been measured.14  
Compared to other growth techniques, the electrodeposition presents some advantages for 
the deposition of Bi films. First, this technique has a high deposition rate, and it is compatible with 
patterning and large-scale production. Second, high quality Bi thin films can be obtained onto 
metals (Au, Cu, Al)15-18, semiconducting substrates (GaAs)19-21, glassy carbon22 and fluorine-doped 
tin oxide (FTO)-coated glass23. Among all these possible substrates, semiconductors appear as the 
most interesting for a better integration of Bi films in electronic devices. Rectifying20 or tunnel21 
Schottky barriers can be obtained by varying the substrate doping level, leading to different 
mechanisms for electron transport through the interface, Thermionic Emission or Thermionic-Field 
Emission. Moreover, just modifying the substrate surface orientation it is possible to synthesize Bi 
thin films with both a different crystalline texture and interfacial electrical properties21. Therefore, a 
wide range of devices could be fabricated starting from just one material and growth technique.  
In our previous work we reported some of the electrochemical properties of n-GaAs 
electrodes24, 25 and proved that they are suitable to grow high quality Bi thin films21. In this work 
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we study the correlation between the growth overpotential and the nucleation process of 40 nm Bi 
layers grown by dc electrodeposition. We have chosen five different growth potentials within the 
range that goes from Bi(III) reduction until water reduction potential: -0.15 V, -0.2 V, -0.3 V, -0.5 
V and -0.7 V (measured with respect to the Ag/AgCl electrode). We have employed highly doped 
GaAs substrates since tunnel Schottky junctions are a promising structure for spin 
injection/detection26. We have chosen the (111)B orientation since it provides Bi films with a 
slightly better morphology and higher out-of-plane crystal quality than those obtained onto 
GaAs(110)21. In Part I of this work we study the effect of the overpotential on the nucleation 
process that is dependent on the kinetics of Bi(III) ion reduction and on the onset of concurrent 
processes such as H+ reduction or ion adsorption, e. g., H+ or OH-, which play an important role in 
the overall process27. We have analyzed the current density transients obtained during the 
nucleation process by a procedure developed by Palomar-Pardavé et al.28 that allows the 
deconvolution of the overall current into its individual contributions29-32. In the literature there are 
several works that report the use of this formalism to study the nucleation of metallic deposits onto 
metallic surfaces28, 31-36. However, to our best knowledge, there are rather few works in which this 
procedure has been used to analyze the nucleation of metallic films onto semiconducting surfaces37, 
38. In view of our results we can conclude that the nucleation process is directly related to the 
distribution of states in the energy band diagram of the semiconductor-electrolyte interface (SEI). 
In Part II of this work we correlate the morphological and structural properties of the Bi films as 
well as the electrical properties of the Bi/n-GaAs interface with the nucleation process. Therefore, 
we can conclude that by means of the nucleation process it is possible to control the properties of 
the layers.  
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Methods 
Electrochemical experiments have been carried out using a stable water-based electrolyte 
containing 1 mM Bi2O3 (bismuth oxide) as the Bi(III) cation source and 1 M HClO4 (perchloric 
acid) as supporting electrolyte. Solutions were prepared with analytical grade chemicals and 
deionized water in order to avoid free ions. Bismuth oxide was first added to perchloric acid in a 
volumetric flask, and then, the solution was made to the mark with deionized water. The pH of the 
solution (approximately 0.1) was not necessary to be further adjusted. Working electrodes were Si 
doped n-type GaAs(111)B wafers, supplied by Geo Semiconductors, with a carrier concentration of 
(0.9 - 2.4) · 1018 cm-3. Ohmic contacts were made on the back of the wafers by thermal evaporation 
of 80 nm of AuGe (2% Ge) and 250 nm of Au, followed by an annealing at 380 oC in forming gas 
for 90 s. The total surface area exposed to the electrolyte was 0.15 cm2 in all cases. Prior to each 
experiment, substrates were degreased and then etched to remove GaAs native oxide under 
darkness conditions. First, substrates are dipped in a solution of HCl (10% vol.) for 2 minutes to 
remove arsenic and gallium oxides39. Then, substrates are rinsed in deionized water for 2 minutes to 
remove Ga-Clx species since they are soluble in water40. Finally, substrates are immersed in 1 M 
HClO4 (supporting electrolyte) for 2 minutes to remove possible Cl- ions remaining in the solution 
or adsorbed at the substrate surface. Then, the substrate surface is protected from air with a drop of 
1 M HClO4 (supporting electrolyte) when transferred to the Bi(III) solution, where substrates 
remained 2 minutes to reach a stable open circuit potential (OCP). In this condition, the substrate 
surface is oxide-free with about one monolayer coverage of elementary As39. The nucleation and 
growth of the Bi layers were performed in a three-electrode cell with a platinum mesh as counter 
electrode and a Ag/AgCl (3 M NaCl) reference electrode supplied by BASi (Eref ≈ 0.196 V vs 
SHE). In this study, all potentials are referred to this electrode. Electrochemical experiments were 
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controlled by a PalmSens EmStat3+Blue potentiostat. After deposition, films were rinsed in 
deionized water and dried with N2. 
Results and Discussion 
1. Cyclic Voltammetry and Current Density Transients 
Figure 1.a shows a cyclic voltammetry (CV) of two scans performed on the n-GaAs 
substrate in the Bi(III) solution. From this CV we can extract some information about our system 
(the n-GaAs/electrolyte junction) and the Bi(III)/Bi redox couple. The equilibrium potential of the 
junction is the open circuit potential, OCP = 100 mV. As will be seen later it is useful to define the 
overpotential of the junction as the bias voltage applied to it, i.e., the potential applied to the n-
GaAs substrate (E) measured with respect to the equilibrium potential, SEI =E – OCP. The 
equilibrium potential of the Bi(III)/Bi redox couple (EBi,eq), that is the second crossover of the CV 
at null current, is different from the OCP, approximately 10 mV. This equilibrium potential is 
referred to the deposition of Bi(III) ions onto a metallic Bi surface. However, when the substrate 
surface is different from metallic Bi, an extra energy is needed to reduce the Bi(III) ions on it, i.e., 
create bonds between the Bi atoms and the surface atoms of the substrate. This extra energy is 
called the nucleation overpotential, nucelation = EBi,onset – EBi,eq. The onset potential of Bi reduction 
(EBi,onset) on the n-GaAs substrate, that is the intersection between the rise current and the CV 
baseline, is higher in scan 1 (≈-150 mV) than in scan 2 (≈-100 mV) and consequently, nucelation is 
higher in scan 1 (≈-160 mV) than in scan 2 (≈-110 mV). This difference between onset potentials is 
a reflection of the surface blockade produced by a layer of adsorbed hydrogen (Hads) as we reported 
in previous works24, 25. Finally, since we are going to study the nucleation of Bi(III) ions onto a n-
GaAs substrate, we define the overpotential of Bi (Bi) as the applied potential (E) measured with 
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respect to the onset potential, Bi = E – EBi,onset. It should be considered the onset potential of scan 2 
since it is related to an n-GaAs surface without Hads blockade.   
 
Figure 1. (a) Cyclic voltammetry scans performed at 10 mV/s on the GaAs(111)B substrate in the 2 
mM Bi(III) solution. The inset shows an enlargement of the reduction peaks. (b) Current density 
transients for Bi nucleation on n-GaAs (111)B substrates at different SEI. 
In order to analyze the effect of SEI on the nucleation of the Bi layers it is necessary to 
unblock the GaAs surface, eliminating the Hads layer. To do so, we have carried out a growth 
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procedure that consists of the scan route described in ref. 25 in which a first CV is performed to 
unblock the n-GaAs surface (Figure 1.a) and then a dc potential is applied to grow the Bi film. By 
this procedure, the properties of the electrodeposited Bi layer as well as the Bi/GaAs(111)B 
interface will only be dependent on SEI. Figure 1.b shows the current density transients obtained 
during the nucleation of Bi films onto n-GaAs(111)B substrates at five different cathodic potentials: 
-0.15 V, -0.2 V, -0.3 V, -0.5 V and -0.7 V. To make clear the presentation and discussion of the 
following results, we will use the equivalent overpotentials (SEI = E - OCP): -0.25 V, -0.3 V, -0.4 
V, -0.6 V and -0.8 V. The transients obtained at low SEI (from -0.25 V to -0.3 V) exhibit an initial 
decay of the current that cannot be explained either by the Cottrell equation (j ~t-1/2) or an 
exponential decay (j ~ e-kt). Therefore, this is not a diffusion-controlled process as it does not apply 
to the former, and neither can be associated with a pure charging of the SEI30 as it cannot be 
explained by the latter. After this decay, the current rises due to the formation and growth of three-
dimensional (3D) Bi nuclei, reaching a maximum (jmax, tmax) that corresponds to the overlap of the 
diffusion fields of the growing nuclei. Then, the current decreases and tends to a constant value as 
the electrode surface evolves from the 3D to a 2D geometry due to the overlap of the Bi nuclei. The 
transients obtained at higher SEI (-0.6 V and -0.8 V) only show a monotonic current decay that 
tends to a constant value at longer time.   
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Figure 2. Nondimensional plots of theoretical curves for instantaneous and progressive 
nucleation and current density transients obtained at SEI = -0.25 V, -0.3 V and -0.4 V, (a) as 
measured and (b) corrected to neglect the initial current decay.   
If we try to normalize the current density transients that present a current maximum 
according to the model derived by Scharifker and Hills41, it can be seen that the experimental data 
for SEI = -0.25 V and -0.3 V lie beyond the theoretical curve for progressive nucleation and the 
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data obtained for SEI = -0.4 V do not follow any of the theoretical curves at short times (Figure 
2.a). If the curves are corrected according to Rigano et al.42 and the initial current decay is 
neglected, the normalized curves still differ from the theoretical curves (Figure 2.b). This behavior 
indicates that the current involved in the nucleation of the Bi films is formed by more than one 
contribution, which means that the reduction of Bi(III) ion takes place with concurrent processes. 
This is not surprising if we consider all the different energy states present in the SEI (Figure 3.a). 
2. Energy Band Diagram of the Semiconductor-Electrolyte Interface 
In order to understand the evolution of the Bi films nucleation as a function of SEI and to 
elucidate the contributions to the overall current, it is previously necessary to describe the energy 
band diagram of the studied SEI. It is widely known that semiconductor electrodes are more 
complex than metal electrodes due to the particular electronic structure of the former. Besides the 
conduction (CB) and valence bands (VB), which introduce two possible paths for electron transfer, 
the semiconductor surface has surface states that strongly influence the kinetics of chemical and 
electrochemical processes that occur on the electrode surface43, 44. Surface states can be classified 
into intrinsic and extrinsic27, 45. The former are surface states with short relaxation times ( = 10-6-
10-3 s), associated with dangling bonds present at the ideal surface (“truncated bulk”), i.e. only 
dependent on the crystallographic orientation of the surface44, 45. Due to the 2D symmetry of the 
surface, the dangling bonds give rise to surface bands located in the energy band gap of the 
semiconductor that can partially overlap with the CB or the VB depending on the charge character 
of the dangling bond. Extrinsic surface states are assigned to surface imperfections, i.e. 
perturbations of the ideal surface. The extrinsic states do not have symmetry and consequently, they 
lead to discrete energy states in the band gap. They have longer relaxation times ( = 1 s) and 
predominate over the intrinsic states44. In the case of GaAs(111)B, the intrinsic states are related to 
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the dangling bonds of the surface As atoms. These unsaturated bonds have a donor character and 
can be considered as half-filled due to the breaking of the covalent bond. Therefore, the As-derived 
surface band is located near the edge of the valence band and is half-filled45 (SSint in Figure 3.a). On 
the other hand, a common extrinsic state on As-rich GaAs surfaces is an As antisite (As atoms in 
Ga positions each of them surrounded by four As atoms), which produces an acceptor level at 0.75 
eV and a donor level at 0.52 eV above the edge of the VB, according to the Advanced Unified 
Defects Model45, 46  (SSext in Figure 3.a).  
 
Figure 3. Energy band diagram at OCP conditions of a SEI formed by the Bi(III) solution and (a) 
an n-GaAs substrate (n = 2.4 · 1018 cm-3) and (b) the same n-GaAs substrate covered by a Bi layer. 
The ionized donors have been represented with crosses (+) to show qualitatively the relation 
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between the SCR width and the amount of ionized donors contained in it. The energy scale is 
referred to the vacuum level whereas the potential scale is referred to the Ag/AgCl reference 
electrode (EAg/AgCl = 0.196 V vs SHE).  
Although the SEI can be a more complex structure, it is possible to establish some analogies 
with a Schottky barrier where the metal role is played by the electrolyte and the interfacial states are 
the surface states of the GaAs electrode (Figure 3.a)43, 44, 47. When an electrode is immersed into an 
electrolyte, the system reaches the electrochemical equilibrium by leveling the Fermi energy levels 
of both media transferring charge from one to another43, 47. For an n-GaAs electrode, the electrons 
are transferred from the semiconductor to the electrolyte, leaving a space charge region (SCR) with 
a fixed positive charge associated with the ionized donors of the semiconductor. Since the electrons 
cannot be free in the electrolyte, they remain at the semiconductor surface, occupying surface 
states. Some of these electrons interact with chemical species present in the electrolyte producing 
adsorbed species at the semiconductor surface. This adsorption saturates the dangling bonds and 
minimizes the surface energy, avoiding reconstruction or relaxation of the semiconductor surface44. 
In our case, some of the transferred electrons strongly interact with the cations of the electrolyte 
through the dangling bonds of As surface atoms which could be considered perpendicular to the 
semiconductor surface and half filled45. Since the predominant cations are protons, As-H bonds are 
created45. These bonds have already been observed by photoelectron spectroscopy on GaAs 
surfaces treated with HCl and rinsed in water39. However, As-OH bonds have not been observed 
except when the surface is treated with a basic solution as NH4OH and rinsed in water48. Therefore, 
we can suppose that the GaAs surface is mainly covered by As-H bonds and the amount of As-OH 
bonds is very small. Due to the covalent nature of the As-H bonds49, 50, a highly stable adsorbed 
hydrogen (Hads) is formed on the GaAs surface24. This blockade is reflected as a shift between the 
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cathodic peaks of consecutive scans of a CV performed on an n-GaAs substrate in the Bi(III) 
solution24 (Figure 1.a). In the first scan, the As-H bonds are substituted by As-Bi bonds during the 
cathodic stage and by As-OH bonds during the anodic stage25, 50. When the CV ends at the OCP, 
the GaAs surface will be mainly covered by OH-, ClO4- and water molecules due to the electrostatic 
attraction produced by the ionized donors present in the SCR of the GaAs47, 50, 51. These species are 
not strongly attached to the GaAs surface and do not block it. Therefore, just after performing a CV 
the n-GaAs surface is momentarily unblocked25. 
The flat-band potential of an n-GaAs electrode immersed in 1 M HClO4 is Ufb ≈ -0.81 V vs 
Ag/AgCl52. This potential indicates the position of the SEI Fermi level at flat band conditions, fbFE . 
If we consider the energy level of the Ag/AgCl reference electrode referenced to the vacuum level 
(Eref = -4.7 eV43), we can obtain fbFE as follows:  
eVqUEE fbref
fb
F 89.3                  (1) 
where q is the electron charge. From fbFE we can obtain the position of the CB edge at the 
surface as follows: 
eV
N
nTkEE
C
B
fb
FsC 81.3ln, 


                 (2) 
where n is the electron concentration of the electrode (≈ 2 · 1016 cm-3 52), Nc is the effective 
density of states in the CB of the GaAs (4.7 · 1017 cm-3)51, kB is the Boltzmann constant and T is the 
temperature. The position of the VB edge at the surface can be obtained as follows:  
eVEEE gsCsV 23.5,,                           (3) 
where Eg = 1.42 eV is the band gap of GaAs51. The position of the Fermi level at 
equilibrium is provided by the OCP = 0.1 V vs Ag/AgCl, which is equivalent to -4.8 eV with 
respect to the vacuum level. This position approximately coincides with that obtained by 
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photocapacitance spectroscopy for the higher surface states associated with surface unsaturated 
bonds (E1 = EC,s  - 0.98 eV)53. This indicates that at OCP conditions surface dangling bonds are 
saturated by adsorbed species and therefore, intrinsic surface states are filled45. To reinforce our 
energy diagram, it should be pointed out that the equilibrium potential for the Bi(III)/Bi redox 
couple, EBi,eq = 10 mV, equivalent to -4.71 eV, coincides with the Fermi level of an ideal Bi/n-
GaAs junction in equilibrium, which is between 0.5 eV and 0.55 eV above the VB edge according 
to the model of Metal Induced Gap States (MIGS)45 (Figure 3.b). The contact potential between the 
n-GaAs electrode and the Bi(III) solution (Vbi) at OCP conditions is: 
  eVEEEEEEqV CFFsCCsCbi 1.1)(,,                (4) 
where the Fermi energy level at the bulk has been calculated according to Nilsson 
approximation54 (EF - EC = 90 meV). The width of the space charge region (w) is: 


 



  q
TkVV
Nq
w Bbi
D
2                 (5) 
where ND+ is the concentration of the ionized donors (equal to the electron concentration), V 
is the applied bias and  is the dielectric permittivity of the GaAs51. At OCP conditions i.e. without 
polarization (V = 0), w = 23.4 nm. The positive charge at the SCR associated with the ionized 
donors is proportional to this width, Qsc = q·ND+·w. With all these data, we can depict the energy 
band diagram of the studied SEI (Figure 3.a-b). Although it is similar to a Schottky junction, it 
should be pointed out that an electrolyte is more complex than a metal because it has more than one 
energy level (one per redox couple), and the energy levels are not discrete but present a Gaussian 
distribution due to the effect of the water molecules (polar molecules) surrounding the ions43, 44, 55, 
56.  
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3. Analysis of the Current Density Transients 
When a SEI is applied to the n-GaAs/electrolyte junction, the junction is biased and the 
Fermi level moves away from the equilibrium position (OCP conditions) approximately the same 
amount translated to the energy scale. This induces a change in the charge of the semiconductor: 
variation of w, of electron and hole surface populations and of the charge contained in the surfaces 
states. To maintain the SEI neutrality, the charge at the Helmholtz layer is rearranged by desorption 
and adsorption processes, as well as reorientation of water molecules and solvated polyatomic 
anions such as ClO4-. If the Fermi level coincides or surpasses the energy level of a redox couple 
(for example, H+/H2), this reaction is activated. Therefore, several processes are expected to 
contribute to the current density transients recorded during the nucleation of the Bi films.  
In order to extract the individual contributions to the overall current, the transients shown in 
Figure 1.b have been analyzed by a formalism developed by Palomar-Pardavé et al.28. This 
formalism consists of the analysis of the transients by a nonlinear fit of the experimental data to 
different nucleation models, using the Marquardt–Levenberg algorithm, which allows the 
deconvolution of the total current density (j(t)), into individual contributions29, 31, 32, 36, 57. For 
cathodic reactions, where the current density is negative, the absolute value of the current density 
should be used. Our analysis shows that all transients are indeed formed by several contributions 
that can be related to different processes that take place at a SEI when it is biased. At low SEI, two 
regimes delimited by an induction time (t0) can be distinguished. During the first regime, t < t0, four 
different processes run simultaneously: 
[a] Charging of the SEI capacitance. The equivalent electrical circuit of the SEI is formed by 
several capacitances and resistances: semiconductor capacitance (Csc), surface states 
capacitance (CSS), double layer capacitance (CH), charge transfer resistance (Rt), etc.40, 43, 47. 
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When the SEI is biased, the capacitances are charged. Although it is more complex, we have 
made the approximation of considering the SEI as a simple series RC circuit47, 58. Therefore, 
the current involved in the charging of the SEI capacitance is: 




SEISEI
SEI
SEI
tQtj  exp)(      (6) 
where QSEI is the electrical charge involved in the process, and SEI = R·C its time constant, 
where R is the SEI resistance and C the SEI capacitance. The duration of the process can be 
considered as 5 times SEI. 
[b] Desorption of ClO4- and OH- anions. As aforementioned, the nucleation of the Bi film starts 
after a CV that ends at the OCP (Figure 2.a). At this point, the substrate surface will be 
mainly covered by anions and water molecules adsorbed during the anodic stage of the CV 24, 
50. When the applied potential is varied from the OCP to a more negative potential, the SCR 
width decreases (eq. 5) as well as the amount of positive fixed charge. Consequently, some of 
the adsorbed anions are desorbed to maintain the electrical neutrality of the SEI. This process 
is directly related to the charging of the SEI. This process can be described as follows: 




desdes
des
des
tQtj  exp)(      (7) 
where Qdes is the electrical charge involved in the process anddes its time constant30.   
[c] Adsorption of H+ on the GaAs surface. This process produces a change of the n-GaAs surface 
from a hydroxylated (As-OH) to a hydrogenated state (As-H). It occurs via intrinsic and 
extrinsic surface states, and can take place even when the H+ reduction reaction is not 
activated as it has been observed by Electrochemical Impedance Spectroscopy59. This process 
can be described by: 
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



adsads
ads
ads
tQtj  exp)(      (8) 
where Qads is the electrical charge involved in the process andads its time constant30.   
[d] Reduction of H+ on the GaAs surface by the reaction: 
222 HeH     ( 2/ HHE   = -0.196 V vs Ag/AgCl) (9) 
This process follows the Volmer-Heyrovsky route60, and requires two electrons of the CB, i.e. 
it occurs through conduction band states49, 60. Due to the high electron concentration of the n-
GaAs substrates, the SCR is rather narrow and conduction electrons can reach the electrolyte 
either by thermionic emission over the barrier or by tunneling through it (Thermionic-Field 
Emission theory, TFE)61. The whole process can be described by the following expression31, 
62:  
PRPRPR kFzj        (10) 
where zPR is the number of electrons involved in the reduction reaction, F is Faraday’s 
constant and kPR is the rate constant of the reaction. 
When the SEI is charged and the Helmholtz layer has been reorganized, the second regime 
starts for t > t0, and Bi(III) ions start to reduce into metallic Bi progressively covering the GaAs 
surface. This process is described as follows: 
[e] Reduction of Bi(III) ions into metallic Bi following a 3D nucleation controlled by 
diffusion29, and delayed by an induction time, t0, associated with the initial current decay42, 
63. This process can be described by the following expression: 
)()()( 0
21
043 ttttPtj D              (11) 
where (t) is the substrate surface area covered by the diffusion zones of the Bi nuclei64:  
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and 
2
1
2
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  
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4 
ocDFzP                (14) 
where No is the density of active sites for nucleation on the GaAs surface, A the Bi(III) ion 
nucleation rate per active site, D the diffusion coefficient of Bi(III) ions, co the 
concentration of Bi(III) ions in the bulk of the electrolyte, M the molar mass of metallic Bi 
and  the density of metallic Bi. To fulfill the requirement of dimensional homogeneity, c0 
should be introduced in mol·cm-3 and  in g·cm-3. 
Similarly to H+ reduction, Bi(III) ions reduction occurs via conduction band states65  
following the TFE theory. The onset of Bi reduction alters H+ reduction because of the competition 
for nucleation sites at the GaAs surface and conduction electrons. Therefore, the component 
associated with H+ reduction (jPR) should be modified taking into account the presence of the 
growing Bi nuclei and their diffusion zones, i.e. jPR = zPR · F · kPR · [1 - (t)]. However, the 
adsorption of H+ (jads) is independent of the substrate surface coverage, , because adsorption and 
nucleation processes take place at different surface sites and through different electronic states. 
Therefore, these processes run in parallel30, 59. Consequently, H+ adsorption takes place until the 
whole GaAs surface is covered by Bi nuclei. Initially, we also considered the contribution assigned 
to H+ reduction on the Bi surface. However, we found that this contribution is negligible due to the 
slow kinetics of this reaction on this metal since both the adsorption and the charge-transfer step are 
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rather slow66, 67. In fact, Bi is a notoriously poor electrocatalyst for hydrogen evolution reaction68. 
To sum up, the current density transients shown in Figure 1.b have been analyzed by fitting the 
experimental data to the following expressions:  
PRadsdesSEI jjjjj          t < t0  (15) 
  DPRads jtjjj 3)(1     t > t0   (16) 
In order to obtain accurate and reliable results, all the experimental current density transients 
shown in Figure 1.b have been fitted computing the value, the standard error and the lower (LCL) 
and upper (UCL) 95% confidence limits of the parameters QSEI, SEI, Qdes, des, t0, Qads, ads, kPR, D, 
A and N0. The best-fit parameters are listed in Table 1, whereas their respective errors obtained on 
basis of the 95% confidence limits are listed in Table 2. Data listed in Table 1 and Table 2 show 
that all the best-fit values present relative errors below 10%, except for the parameters QSEI and SEI 
obtained at SEI = -0.25 V. The relative errors are significant in this case because of the insufficient 
resolution for the transient. For more accurate values it would have been necessary to record it with 
a lower time step than used, tstep = 0.01 s. The nucleation rate, A, obtained at SEI = -0.8 V also 
presents a relative error higher than 10%. It could be a consequence of the interference produced by 
the H2 bubbles as it is explained afterward.  
SEI (V) -0.25 -0.3 -0.4 -0.6 -0.8 
SEI (ms) 6.5 0.6 - - - 
QSEI (·C·cm-2) 1.0 6.3 - - - 
des (ms) 44.0 4.8 - - - 
Qdes (C·cm-2) 19 10 - - - 
t0 (ms) 454 47 0.8 - - 
ads (ms) 2945 483 0.9 2.0 2.9 
Qads (C·cm-2) 988 236 35 65 112 
kPR (·10-8 mol·cm-2·s-1) - 0.4 5.1 8.5 6.3 
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D (·10-5 cm2·s-1) 2.6 2.1 1.6 1.8 2.1 
A (s-1) 0.3 9.8 163 1993 2997 
No (·106 cm-2) 5.2 12 38 120 55 
Table 1. Best-Fit Parameters Obtained from the Analysis of the Experimental Current Density 
Transients Shown in Figure 1.b. The Corresponding Errors are Summarized in Table 2. To facilitate 
their lecture, the numbers have not been rounded according to their errors.  
SEI (V) -0.25 -0.3 -0.4 -0.6 -0.8 
SEI (ms) 1.2 9.2 · 10-3 - - - 
QSEI (·10-2 C· cm-2) 27 3.9 - - - 
des (ms) 1.4 38 · 10-3 - - - 
Qdes (C· cm-2) 0.29 0.04 - - - 
t0 (ms) 1.1 77 · 10-3 3.9 · 10-3 - - 
ads (ms) 17 1.5 3.3 · 10-3 20 · 10-3 14 · 10-3 
Qads (C· cm-2) 4.3 0.47 0.044 1.1 0.79 
kPR (·10-10 mol·cm-2·s-1) - 0.10 0.62 9.7 2.8 
D (·10-9 cm2 s-1) 23 3.9 4.1 4.9 9.7 
A (s-1) 0.023 0.089 3.7 81 376 
No (·105 cm-2) 3.6 0.73 1.7 17 7.5 
Table 2. Standard Error Derived from the Lower (LCL) and Upper (UCL) 95% Confidence Limits 
of the Best-Fit Parameters Obtained from the Analysis of the Experimental Current Density 
Transients Shown in Figure 1.b and reported in Table 1.  
Figure 4.a-e shows the experimental transients plotted in Figure 1.b, and their individual 
contributions obtained from the corresponding best-fit parameters listed in Table 1. It can be noted 
that the formalism developed by Palomar-Pardavé et al.28 accurately describes all the transients, 
except for the minima of the current density transients obtained at lower SEI (-0.25 V and -0.3 V). 
This is probably a consequence of the approximation we made to represent the charging of the SEI 
as a series RC circuit when it is rather more complex. The charging of the SEI (jSEI, red dashed line 
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in Figure 4.a-b) is detected only at low SEI (-0.25 V and -0.3 V). As SEI increases, the charging is 
faster (SEI decreases) and the mobilized charge increases (QSEI increases). If we considered the 
energy band diagram of the SEI (Figure 5.a-c), when a cathodic potential is applied, the GaAs 
Fermi level shifts upward with respect to the electrolyte Fermi level47, leading to a proportional 
increase of the electron population at the semiconductor SCR (increase of QSEI), a decrease of the 
SCR width (increase of the capacitance of the SEI, C), and a decrease of the electron barrier height, 
n = (Vbi – E) (Figure 5.a-c), which eventually leads to a decrease of the SEI resistance (R). Since R 
decreases exponentially with SEI43, whereas C increases as the square root43, 47,SEI = R·C 
decreases when increasing SEI. Anion desorption (jdes, blue dashed line in Figure 4.a-b) also 
increases with SEI due to the decrease of the SCR width and, therefore, the decrease of the positive 
charge associated with the ionized donors (Figure 5.a-c). As a result, a larger amount of ions (Qdes) 
are desorbed to maintain the electrical neutrality of the SEI. The time constant, des, decreases up to 
SEI = -0.3 V when the process becomes undetectable. As expected, t0 is higher than SEI and des, 
i.e. the reduction of Bi(III) ions does not start until the SEI has been reorganized. As well as SEI 
and des, t0 decreases rapidly with the overpotential as the SEI reorganization is faster. For SEI 
higher than -0.4 V, t0 is smaller than the step time used to record the experimental transients and 
therefore, it is considered null.  
Proton reduction on the GaAs surface (jPR, light blue dashed line in Figure 4.b-e) is activated 
at SEI above -0.25 V (Table 1). According to TFE theory, kPR, should approximately exponentially 
increase. However, at SEI = -0.4 V kPR increases more than expected probably due to the pinning of 
the Fermi level at the higher surface states assigned to As antisites (0.75 eV above VB)44. The 
presence of accessible surface states enhances the tunneling of electrons, enhancing the reduction 
reaction (Figure 5.b). In addition, at SEI = -0.8 V, kPR slightly decreases coinciding with the onset 
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of water reduction. This can be associated with the competition between H+ and water molecules 
for the GaAs surface sites.  
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Figure 4. Individual contributions obtained from the deconvolution of the transients recorded at 
different SEI: (a) -0.25 V, (b) -0.3 V, (c) -0.4 V, (d) -0.6 V, and (e) -0.8 V. (f) Nondimensional 
plots of j3D contribution (orange line) shown in (a)-(e) and theoretical curves for instantaneous and 
progressive nucleation.  
Bi(III) ion reduction (j3D, orange line in Figure 4.a-e) is activated at SEI = -0.25 V and is 
enhanced with SEI. The nucleation rate of Bi(III) ions, A, shows an approximately exponential 
dependence with SEI as expected from the TFE theory. A similar tendency has been reported in 
other studies32, 33, 36, 62. Based on the classical theory of electrocrystallization, Sebastián et al.69 
derived an expression for the nucleation rate in terms of the Bi overpotential, Bi = E-EBi,onset: 
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where j0 is the exchange current density (A·cm-2), a is the atomic volume of Bi (3.5 ·10-23 
cm-3), z is the number of electrons involved in the reduction reaction (3), q is the electron charge 
(1.6 · 10-19 C),  is the surface tension (J · cm-2), kB is the Boltzmann constant (1.38 · 10-23 J · K-1), 
T is the temperature (300 K),  is the transfer coefficient (dimensionless) and Bi is the 
overpotential for Bi reduction (in V). This expression considers a contact angle of 90o between the 
Bi nuclei and the GaAs surface. As done in references (69) and (70), we have fitted the 
experimental data (ln(A) vs Bi) according to eq. 17. The best-fit parameters for j0,  and have 
been obtained excluding the value of A obtained at SEI = -0.8 V (Table 3). At this overpotential, 
coinciding with the onset of water reduction, A decreases similarly to kPR, probably due to the 
competition between Bi(III) ions and water molecules for the GaAs surface sites. The high value 
obtained for j0 could be related to the narrow SCR at the SEI which allows charge transfer by 
tunneling even at low overpotentials. In addition, it could indicate a high affinity between As and 
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Bi atoms to create bonds, probably as a result of their similar electronic configuration. The low 
value of can be produced by the concurrence of H+ reduction. 
The density of active sites, No, increases with SEI, as similarly reported in other studies 32, 33, 
36, 62. At SEI -0.8 V, No diminishes in spite of the increase of A. A similar feature has been 
observed in the electrodeposition of cobalt onto glassy carbon, and an explanation based on the 
formation of H2 bubbles has been proposed32. As the potential becomes more negative, H+ reduction 
is enhanced, leading to the formation of H2 bubbles. These bubbles cover part of the GaAs surface 
blocking active sites and diminishing No. Finally, all the studied transients present values for the 
diffusion coefficient of Bi(III) ions within (1.6 – 2.6) · 10-5 cm-2 s-1, which are in the same 
magnitude of those found in the literature19, 71. Once the transients have been deconvoluted, it is 
possible to represent the j3D contribution in a dimensionless plot according to the theoretical model 
derived by Scharifker and Hills41 (Figure 4.f). It can be clearly observed that Bi nucleation is 
progressive at low SEI and tends to an instantaneous nucleation as the SEI is increased. We already 
reported a progressive nucleation for a SEI = -0.3 V21 and attributed it to the competition between 
Bi(III) ions and H+ to get adsorbed onto the As surface atoms 25,50. The same explanation was given 
by Depestel and Strube to explain the different nucleation mechanism of gold on GaAs(111)A (Ga-
terminated surface) and GaAs(111)B surfaces (As-terminated surface)72. Thanks to the results 
reported in this work, we can confirm that the nucleation mechanism of the Bi films is determined 
by the competition between H+ adsorption (Qads) and Bi reduction. At low SEI  adsorption is 
considerably high, whereas the Bi deposition rate is rather low. As SEI increases, H+ adsorption 
diminishes, whereas Bi reduction is enhanced, tending to a mixed nucleation (SEI = -0.4 V). At 
higher SEI, although H+ reduction slightly increases, the increase of the Bi deposition rate is clearly 
superior, leading to an instantaneous nucleation.  
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(dimensionless) j0 (A cm-2)  (· 10-5 J cm-2) 
0.119 ± 0.023 0.0019 ± 0.0014 0.986 ± 0.068 
Table 3. Best-Fit Values Obtained from the Dependence of the Nucleation Rate of Bi Reduction 
(A) with Bi Overpotential (Bi).  
The dependence between H+ adsorption on the GaAs surface (jads, green dashed line in 
Figure 4.a-e) and SEI is complex because it depends on the concentration of electrons at the surface 
states, on the Bi deposition rate, and on the concentration of surface holes. The two latter effects are 
proportional to SEI but surface states do not have a uniform energy distribution (Figure 3). ads is 
principally related to Bi deposition rate. As the deposition rate increases, the GaAs surface is 
covered by metallic Bi in less time, and ads decreases (Table 1). The dependence of Qads is more 
complex because it depends on the three effects above-mentioned. First, if ads decreases due to the 
increase of Bi nucleation rate, a less amount of protons can get adsorbed. Therefore, we should 
expect a decrease of Qads with SEI. However, when SEI is increased, the Fermi level can surpass 
empty surface states that become filled and lead to new Hads, which produces an increase of Qads. 
Finally, the amount of Hads is affected by the hole population at the surface of the n-GaAs because 
they can break As-H bonds, leading to unsaturated bonds that tend to adsorb a new proton (increase 
of Qads). This last effect is indeed responsible for the higher values of Qads obtained at certain SEI 
in comparison to the charge associated with the formation of one monolayer of Hads , qm = 232 C 
cm-2, even if we considered that two electrons are needed to replace an As-OH bond by an As-H 
bond60, and that the atomic surface density of GaAs (111)B is 7.22 · 10 14 cm-2. This seems 
contradictory with the observations made by Erné et al.60 which show that the GaAs coverage by 
Hads is of the order of one monolayer. Moreover, it should be taken into account that, as Bi 
reduction takes place simultaneously, a complete monolayer of As-H cannot be formed. Therefore, 
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this excess of charge, which cannot be explained by means of surface roughness, suggests that H+ 
adsorption is a dynamic process that involves not only adsorption but also desorption steps. The 
current assigned to this kind of process can be described mathematically by the model developed by 
Barradas and Bosco73 which considers several layers of adsorbate, each one with its particular 
constant rate for adsorption ( ik ) and desorption ( ik ): 
      ttk
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We suggest that H+ adsorption is a dynamic process influenced by surface holes. To 
represent this process we can consider two submonolayers of adsorbed protons with different 
stability. The first submonolayer is formed by stable As-H bonds produced by the interaction 
between As dangling bonds with two electrons and the H+ of the electrolyte74. The adsorption rate 
can be considered high ( 1k >>) due to the strong interaction, whereas the desorption rate can be 
considered negligible ( 01 k ) due to the covalent nature of the As-H bond49. The second 
submonolayer is formed by As-H bonds partially broken by surface holes74, i.e. dangling bonds 
partially occupied by holes. Therefore, we can consider that the adsorption rate of this 
submonolayer is lower ( 12 kk  ) and that the desorption rate is significant ( 2k >>). If we introduced 
these conditions in eq. (18): 
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and if we consider 21 kk  , we can make the approximations 
     tktktk  112 expexpexp  and 221 kkk  . Therefore, we obtain: 
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21 in eq. (8). It can be seen that mads qQ  , in 
agreement with the best-fit values obtained for this parameter (Table 1). Taking into account these 
three effects, we can eventually explain the evolution of jads with SEI (Figure 4.a-e). At low SEI (-
0.25 V to -0.4 V), ads progressively decreases as the Bi nucleation rate increases (Table 1). Since 
the amount of occupied surface states remains the same (As-derived band and the lower As antisite 
level), Qads decreases due to the decrease of ads but also due to the decrease of surface hole 
population (Table 1). If there is no H+ desorption, Qads tends to qm. Accordingly to eq. 21, this 
occurs when 221 kkk  which principally occurs when the desorption rate becomes negligible 
due to the absence of holes ( 02 k ) since 21 kk  can still be considered. At SEI = -0.4 V, 
although the Fermi level surpasses the higher energy level of the As antisites (0.75 eV above the 
VB) and they become filled, H+ adsorption is not enhanced (Qads does not increase). It should be 
noticed that this surface level lies above the energy level of Bi(III) ions and H+ reduction reactions. 
Since the potential barrier for the electrons is considerably high (eq. 4) but the SCR is considerably 
narrow (eq. 5) and the two reactions occur via conduction electrons, electron transport will follow 
the TFE theory61. If some surface states are available, as As antisites, they assist the electrons 
tunneling through the barrier (blue arrows in Figure 5.b). Therefore, the As antisite higher level is 
set aside to assist both the reduction of Bi(III) ions and H+ and does not have influence on  the H+ 
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adsorption, i.e. it can be considered that it does not exist. At higher SEI (-0.6 V and -0.8 V) both 
reduction reactions become progressively governed by thermionic emission over the barrier (yellow 
arrows in Figure 5.c), and this extrinsic surface state can be again occupied again by Hads, which 
progressively increases Qads (Table 1).  
 
Figure 5. Energy band diagram of the SEI formed by an n-GaAs substrate and the Bi(III) solution 
at different SEI (a) -0.25 V, (b) -0.4 V and (c) -0.6 V. The arrows represent the electrons involved 
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in reduction reactions that are transferred via tunneling and assisted by extrinsic surface states (blue 
arrows) and via Thermionic Emission (yellow arrow). 
Although the energy band diagram of the SEI (Figure 1) assists in the interpretation of the 
nucleation process of the Bi films and its evolution with the SEI overpotential, some effects have 
not been considered. On the other hand, the energy distribution of surface states can be altered 
during the nucleation process due to ion adsorption or to the formation of chemical bonds27. 
Consequently, some states disappear whereas new states called adsorbate-induced gap states 
(AIGS) or metal-induced gap states (MIGS) are formed. Due to the complexity of these effects, we 
do not consider them in our model. 
Conclusions 
In this work we report the influence of SEI on the nucleation process of 40 nm-thick Bi layers 
electrodeposited on n-GaAs(111)B substrates. The deconvolution of the current density transients 
recorded during the nucleation of the layers has proved to be a powerful tool to gain insight into 
this initial stage of the growth and to determine the processes that are involved in it. In the case of 
Bi, the reduction of Bi(III) ions occurs simultaneously to H+ adsorption and reduction. 
Consequently, the nucleation of the Bi films is conditioned by the competition of these three 
processes, each one evolving differently with SEI. On basis of our results, we can conclude that the 
nucleation of the Bi films is clearly correlated to the energy band diagram of the SEI. The evolution 
of the different contributions can be rather complex due to the nonuniform distribution of surface 
states. The nucleation starts with the charging of the semiconductor capacitances and the 
rearrangement of the Helmholtz layer. As part of this last process, H+ adsorption and reduction on 
the GaAs surface can take place. Afterward, Bi reduction starts and alters other processes like H+ 
reduction or adsorption. In the first case, the two processes compete for the GaAs surface sites and 
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the conduction band electrons. In the second case, the Bi reduction indirectly diminishes the H+ 
adsorption by progressively covering the GaAs surface because H+ does not tend to get adsorbed 
onto metallic Bi.   
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